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a  b  s  t  r  a  c  t

Tanabe  and  Namba  (Ecology,  86,  3411–3414)  studied  a three  species  Lotka–Volterra  model  with  omnivory
and  explored  that  omnivory  can  create  chaos.  It  is  well  documented  that  predator  switching  is  a  sim-
ilar  biological  phenomenon  to  omnivory  and  likely  to occur  simultaneously.  In  the  present  paper,  the
tri-trophic  Lotka–Volterra  food  web  model  with  omnivory  and predator  switching  is  re-investigated.  We
observe that  if we incorporate  predator  switching  in the  system  and  the  intensity  of predator  switch-
ing  increases  above  a threshold  value,  then  the  system  will be stable  from  chaotic  dynamics.  To  study
the  global  dynamics  of  the  system  extensive  numerical  simulations  are  performed.  Our  analytical  and
numerical  results  suggest  that  predator  switching  mechanism  enhances  the stability  and  the  persistence
of  a  food  chain  system.

© 2015 Elsevier  Ireland  Ltd.  All  rights  reserved.

1. Introduction

An interesting and appealing topic in population ecology is the
understanding of the diversity and community composition of the
populations which ultimately determine the overall stability of an
ecosystem. The predators have in general a rigid type of feeding
pattern, which may  be the choice of a specific prey, or it may  be
dependent on the abundance of the prey. In this latter case look-
ing for resources, the predator moves toward another prey, which
may  be present in the same or in another habitat. This mecha-
nism of preferential predation is named switching, (Tansky, 1978).
Many examples of predator feeding switching have been identi-
fied in nature, (Fisher-Piette, 1934; Murdoch, 1969), as well as in
laboratory experiments involving Notonecta and Ischnura, (Lawton
et al., 1974). Several mathematical models have been proposed with
predator switching involving one predator with two  prey species
(Holling, 1961; Khan et al., 2004, 1998; Holgate, 1989; Teramoto
et al., 1979; Vilcarromero et al., 1979). Extensions to the case in
which a predator together with healthy and diseased prey are con-
sidered in place of a food chain can be found in (Hotopp et al., 2009,
2010). Recently, we have investigated the effect of omnivory and
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predator switching in a tri-trophic food chain model with Holling
type-II functional responses (Pal et al., 2014). We  theoretically
explored that if the top predator switch it’s feeding between mid-
dle predator and basal prey, then predator switching can stabilize
an otherwise chaotic system.

In an omnivory food web, a predator consumes more than
one prey species. In particular, in a tri-trophic food chain with
omnivory, top predator predates both the bottom prey and
the intermediate predator (Pimm and Lawton, 1978). This phe-
nomenon is also termed intraguild predation (IGP), defined as the
feeding of the intermediate predator by a top predator that can also
consume the prey of the intermediate predator (Polis et al., 1989).
Thus, the top predator and the intermediate predator species are
also potentially competitors for the common resource, i.e. the prey
at the lowest trophic level. This fact enhances the chance of switch-
ing feeding behavior of the top predator between the bottom prey
and the intermediate predator.

Whether omnivory phenomena act as a stabilizing or destabi-
lizing factor in a dynamical population system is still debated, see
(Kimbrell and Holt, 2004) and the references therein. A stabilizing
effect is found, for instance, in Ref. (Ajraldi and Venturino, 2008;
Kooi and Kooijman, 2000). Omnivory with nonlinear functional
responses had been investigated showing that omnivory could be
a stabilizing factor (McCann and Hastings, 1997). On  the other
hand, omnivory could destabilize a three species Lotka–Volterra
model with linear functional responses, see (Holt and Polis, 1997).
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Furthermore, the Lotka–Volterra model with omnivory could
exhibit a limit cycle and coexistence of all species in the omnivory
system is possible if the intermediate predator is superior at
exploitative competition for the prey, whereas the top predator
gains significantly from its consumption of intermediate predator
(Holt, 1997). Furthermore, the top predator may  become extinct
if the predation rate and the conversion efficiency from the prey
to predator are very low, whereas the intermediate predator will
disappear if the predation rate and the conversion efficiency from
prey to predator are high enough. Also recently, in the very same
model, chaotic behavior has been numerically discovered, (Tanabe
and Namba, 2005).

Recently, we have re-investigated the Hastings and Powell
model (Hastings and Powell, 1991) by considering omnivory and
predator switching into the model system. We  studied step by step
the impact of omnivory and predator switching on the dynamics of
the system. We  have observed that if the consumption rate of top
predator on basal prey is increased, then the system will be stable
and above a threshold value of the consumption rate (omnivory)
the middle predator will be extinct from the system as the middle
predator faces food scarcity as well as predation pressure simulta-
neously. Further, we observed that if the top predator switches it
is feeding between middle predator and basal prey depending on
the relative abundance, then the system becomes stable and the
feeding switching also enhances the species persistence (Pal et al.,
2014). In contrast, Tanabe and Namba (2005) numerically explored
that if the consumption rate (omnivory) of the top predator on the
basal prey is increased, then the three species Lotka–Volterra model
with linear functional responses exhibits chaotic dynamics. They
suggested that omnivory destabilizes the system and creates chaos.
It is worthy to note that no species exclusion was observed due to
increase in omnivory. In the present paper, we will investigate the
impact of predator switching in the stability dynamics of the three
species Lotka–Volterra model with omnivory (Tanabe and Namba,
2005).

The paper is organized as follows. After discussing some prelim-
inary biological background, we introduce the model in Section 3,
and analyze its behavior in Section 4. Control of the chaotic behav-
ior is contained in Section 5, and finally the paper is ended with a
brief conclusion.

2. Background

Murdoch (1969) explored that in switching mechanism, the
number of attacks upon a species is disproportionately large
when the species is abundant relative to another prey, and
disproportionately small when the species is relatively rare.
Predator feeding switching is an important aspect in nature,
(Fisher-Piette, 1934; Holt, 1997). However, the effect of predator
switching in an omnivory system, does not appear to be prop-
erly investigated yet. In a tri-trophic food chain or food web with
omnivory, the top predator consumes both the middle preda-
tor and the basal prey. The top predator switches its predation
between middle predator and basal prey in the same or another
habitat, when the preferred prey declines due to heavy preda-
tion.

Experimental results suggest that predator switching is a phe-
nomenon that is very likely to occur with omnivory feeding
(Gismervikl et al., 1997). Holt and Polis (1997) have intuitively sug-
gested that if the adaptive foraging by the omnivore predator leads
to switching between the prey and the intermediate predator, the
system will be stabilized. Our aim is to investigate and substantiate
this claim, by providing a theoretical setting for the effect of preda-
tor feeding switching in an omnivory system considering a suitable
mathematical model.

3. Model

In the three species food chain model proposed by Tanabe and
Namba (2005), chaotic behavior is discovered. We  want to consider
a modification of this model, incorporating top predator feeding
switching behavior in it. Let x, y and z respectively denote the prey,
middle predator and top predator population sizes. The resulting
system of equations reads as follows.
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(3.1)

As it occurs for the switching models, the system (3.1) is not well
defined at the origin. To overcome the occurrence of the singularity
there, we  simply replace the above equations at (0, 0, 0) by the
following ones:

dx

dt
= dy

dt
= dz

dt
= 0.

The meaning of the parameters, all nonnegative, is as follows.
b1 is the prey intrinsic net growth rate, while a11 denotes their
intraspecific competition for resources. The parameters aij with i < j
denote the prey consumption rates, while aij for i > j represent the
corresponding predators’ assimilation rates. The natural mortali-
ties of the intermediate and top predators are respectively b2 and
b3.

Therefore, the first equation expresses logistic growth of the
prey in the absence of predators. When they are present, the prey is
subjected to their hunting. In the absence of prey, the intermediate
predator is bound to starve; in the food chain, it also represents a
possible source of food for the top predator. The latter feeds on both
prey and intermediate predators.

The feature of this model resides in the last terms of the first
two equations and the corresponding last two terms of the last
equation, modeling the feeding switching behavior between the
two types of prey for the top predator, following (Tansky, 1978).
This mechanism is governed by the relative abundances of the bot-
tom prey and intermediate predators. The parameter c represents
the switching intensity. This parameter provides also a mean to
obtain a continuum of models. In fact, note that for c = 0 the system
shows no switching behavior, it becomes exactly the Tanabe and
Namba three species omnivory system, (Tanabe and Namba, 2005),
while for c = 1 the switching function is the same function defined
by Tansky, (Tansky, 1978). This parameter thus allows to control
the amount of switching feeding that the top predator can use.

Recently, we  have studied the Hastings-Powell (H-P) model by
considering omnivory and predator switching in the model system
(Pal et al., 2014). We  have explored that omnivory may stabilize the
chaotic H-P system, however, above a threshold value of omnivory,
species exclusion may  happen. In that situation, predator switch-
ing enhances system stability and prevents species extinction. It is
worthy to mention here that the present model (3.1) can be derived
from the H-P model with omnivory and predator switching (Pal
et al., 2014) if we  set b1 = b2 = b3 = 0. Comparing the generic case
where not all of the three parameters are zero with the special
case, the omnivory dynamics are very different. In the absence of
predator switching (c = 0), we  have explored that omnivory may
stabilize the chaotic H-P system (Pal et al., 2014), whereas, Tanabe
and Namba (2005) have explored that omnivory can create chaos
in a three species L–V model. It is already mentioned earlier that
predator switching is an important aspect in food web dynamics. To
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